A series of isobaric disaccharide-alditols, four derived from O-linked glycoproteins, and select trisaccharides were rapidly resolved using tandem high resolution atmospheric pressure ion-mobility time-of-flight mass spectrometry. Electrospray ionization was used to create the gas-phase sodium adducts of each carbohydrate. Using this technique it was possible to separate up to three isobaric disaccharide alditols and three trisaccharides in the gas phase.
I
ndividually, carbohydrates are a primary source of energy in numerous biological systems; however, when attached to cellular lipids and proteins, carbohydrates play pivotal roles in cellular recognition, signaling, receptor binding, and consequently immune responses [1] [2] [3] [4] . These roles are often the result of oligosaccharides linked to proteins as post-translational modifications (PTMs). Carbohydrates that fall under this category are primarily linked to proteins through an O-or N-linked N-acetyl hexosamine, primarily Nacetyl glucosamine (GlcNAc) or N-acetyl galactosamine (GalNAc) [5] . Given the wide range and importance of carbohydrates in biological systems, their unambiguous identification is of utmost importance [6 -8] .
In order to fully characterize oligosaccharides derived from biological sources, a number distinct of challenges must be over come. These issues arise primarily from the existence of biological oligosaccharides as sets of isomers. A number of approaches to address isomeric carbohydrate structures using mass spectrometry have been reported. These methods include periodate oxidation/borohydride reduction, followed by hydroxyl methylation or peracetylation [9, 10] , derivatization of monosaccharides or short oligosaccharides with amines such as diethylenetriamine at the reducing end followed by metal complexation [11, 12] , or prediction of possible fragmentation pathways after permethylation [13] . Although modern mass spectrometry is an exquisite tool in itself for the separation of molecules having different m/z values, it cannot rule out the possibility that mass spectra derived from selected precursor ions are not derived from an isobaric mixture. And to complicate matters even further, it is entirely possible that the fragment ions themselves are isobars. On a fundamental level, the stereochemistry of monosaccharides, as product ions derived from a larger molecule, cannot be unambiguously established from a fragmentation pattern. Aldohexoses, for example, come in sixteen different stereochemical variants, and fragmentation data that would uniquely differentiate each of them has yet to be convincingly furnished, particularly where they are derived as product ions from larger molecules. To address the stereochemical blindness of mass spectrometry, product ions must first be separated based upon a physical principle that is not dependent upon m/z prior to fragmentation.
Traditional chromatographic methods, most notably liquid and gas, have been used to provide an additional dimension of information prior to mass analysis; however, these techniques rely upon differential partition coefficients which in many cases may be insufficient to reproducibly differentiate between isomeric carbohydrates [8, 14] . Ion mobility spectrometry (IMS) possesses the unique ability to separate gas-phase ions based upon their size to charge ratio and provides a fresh alternative to traditional modes of separating isomeric and enantiomeric species. Since its introduction as a new dimension for gas chromatographic and mass spectrometric applications, IMS has grown over the past quarter of a century to become an important analytical separation technique. Compared to traditional liquid and gas-phase separation techniques, IMS is temporally fast (in the millisecond time scale), mechanically robust, and sensitive to a wide range of chemical systems [15] [16] [17] [18] [19] [20] . New instrumental developments and configurations have strikingly improved ion mobility as a separation technique allowing for resolving powers to exceed those of liquid chromatography (LC) and rival those of gas chromatography (GC) [20 -22] . Combining this post-ionization gas-phase separation method with mass spectrometry has recently demonstrated the technique's utility as a rapid means to distinguish between isomeric forms of select compounds [23] . With the advent of electrospray ionization (ESI), matrix assisted laser desorption ionization (MALDI), and controlled enzymatic forms of protein digestion, IMS has been applied to the separation of peptide isomers [24, 25] .
Individually carbohydrates have been investigated previously with IMS, however, these data were obtained with relatively low resolution IMS instrumentation [26 -28] . These studies indicated that small differences in drift times of individual precursor ions could be obtained both in the positive and negative ion modes, although full resolution of isomers from mixtures was not demonstrated. Using a different approach, Leavell et al. combined computational methods and ion mobility mass spectrometry (IMMS) to examine the gas-phase ion structure of diethylenetriamine-derivatized sugars as zinc-ligand-hexose diastereomers [29] . Their studies were performed with derivatized reducing sugars hence multiple peaks were observed for individual sugars representing different configurations of complexes. While the above studies provided unique insights into the behavior of complexes of metal ions with carbohydrates in the gas phase, they did not demonstrate the utility of IMS as a separation technique prior to mass analysis; the carbohydrates chosen for analysis were examined individually and not in a mixture. To our knowledge, this is the first report of the complete physical resolution of isomeric carbohydrate structures from mixtures using atmospheric pressure high resolution ion mobility time-of-flight mass spectrometry.
Gas phase separations of carbohydrates have been reported using field asymmetric ion mobility spectrometry (FAIMS) [30] . These studies demonstrate the technique's unique ability to provide information regarding carbohydrate systems. However, the time frame of separation using FAIMS coupled with quadrupole mass spectrometry is rather long (ϳ1 h) by comparison to IMS (ϳ5 min). Further issues remain regarding signal to noise ratio (SNR) and the appearance of multiple peaks attributable to cluster dissociation. Nonetheless, FAIMS does permit studies of complex fragile ion clusters to be performed which is less directly applicable to conformational structural elucidation, but is important in its own right.
Experimental

Sample Preparation
The disaccharides examined in this study were a combination of the monosaccharide units N-acetyl-D-galactosamine (GalNAc), N-acetyl-D-glucosamine (GlcNAc), D-glucose (Glc), and D-galactose (Gal). Dissacharides were as follows:
According the procedure outlined by Martensson et al., all of the disaccharide-alditols used in this study, aside from ␤-D-GlcNAc-(1-4)-D-GlcNAc-ol, cellobiitol, and melibiitol, were isolated from bovine submaxillary mucin (BSM) [31] . Briefly, the neutral and negativelycharged saccharides released from the protein by alkaline borohydride treatment were separated by ion exchange chromatography. Pools were further fractionated by multiple HPLC columns and analyzed after purification to homogeneity by NMR and MS/MS. Cellobiose, melibiose, and ␤-D-GlcNAc-(1-4)-D-GlcNAc were purchased from Sigma-Aldrich (St. Louis, MO) and reduced with sodium borohydride to generate the sugar-alditols.
Melezitose
were purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification.
Purified samples (ϳ10 mol) of each disaccharide were dissolved in 1mL of 18.1 M⍀ water. From these 10 mM stock solutions further dilutions to 100 pmol/L in 90:10 (water:methanol) were made prior to analysis. For melezitose, raffinose, and isomaltotriose, each was analyzed at a concentration of 50 pmol/L in 90:10 (water:methanol). To ensure sodium adduction, 25 pmol/L of sodium chloride was added to each trisaccharide sample before analysis.
Electrospray Ionization-Atmospheric Pressure Ion Mobility-Time-of-Flight Mass Spectrometry
Separation experiments were conducted using the electrospray ionization atmospheric pressure ion mobility time-of-flight mass spectrometer (ESI-AP-IM-TOFMS), Figure 1 , constructed at Washington State University. This instrument was comprised of the following units: (1) ESI source; (2) Heated AP desolvation region; (3) Bradbury-Nielsen ion gate; (4) counter-flow AP drift region; (5) differentially pumped interface; (6) TOF m/z analyzer; and (7) data acquisition system. A detailed description of the fundamental operating principles and parameters may be found in reference [32] , hence only a brief outline is presented. Samples of each carbohydrate were infused at 3 L/min through the electrospray unit maintained at 13 kV (ϳ3.0 kV greater than the potential applied across the ion mobility tube). Ionized sample molecules were desolvated prior to ion gating using a counter-current flow (ϳ1 L/min) of heated nitrogen drift gas held at 200°C. With a larger center of mass and collision cross section, nitrogen allows for longer ion drift times, and consequently higher resolving powers, when compared to drift gases such as helium [27, 33] . The ambient pressure in Pullman, WA was approximately 700 torr. The mobility separation sequence was initiated by the pulsing of a Bradbury-Nielsen ion gate operating at ϳ35 Hz. Once in the 18.1 cm drift region, the ions were directed by a uniform electric field of 420 V/cm towards the 200 m aperture of the orthogonal TOF mass analyzer maintained at 10 Ϫ6 torr. To enhance signal to noise ratio (SNR) for each measurement, signal averaging was employed with an average analysis time of ϳ10 min. It should be noted that, given the disparate time scales in which ion mobility and TOF instruments operated, multiple mass spectra were acquired during the course of a single ion mobility pulse. Ion drift times at atmospheric pressure occur on the millisecond time scale, whereas, ion flight times in the TOF m/z analyzer are on the microsecond scale.
Reduced Mobility Constants, Resolving Power, and Experimentally Determined Cross Sections
In the presence of a weak homogenous electric field, ions possessing different collision cross-sections temporally separate based on the frequency of ion-molecule interactions. The mobility of an ion (K) is defined as its velocity (v d ) divided by the applied electric field (E) and can be determined from experimental parameters as follows:
where L is the length of the drift region (cm), t d , the drift time (seconds) and ,V, the potential applied to the drift region (volts). The drift tube temperature (T) typically varies from ambient temperature to 800 K and operating pressures from 1 torr up to atmospheric pressure [34] . As the mobility experiment may operate under a wide range of operating conditions the mobility of an ion must be normalized (K o ) for drift gas pressure (P) and temperature (T) to allow for comparisons between experimental systems. The resulting reduced mobility value is determined as shown below: The efficiency of separation or resolving power of ion mobility spectrometry has traditionally been defined as the drift time (t d ) divided by the peak width at half height (w 1/2 ) [35] .
It should also be noted that while ion mobility resolving power is a measure of separation efficiency this term does not indicate the degree to which two different peaks are separated. This parameter is defined as the resolution (R) of the separation and is directly analogous to the term defined by the chromatographic community where baseline resolution is achieved with an R value of 1.5. This value is the result of the difference in drift times (⌬t d ) divided by the average baseline peak width (w base ) [36] .
While ion mobility provides the means to separate gas-phase ion populations it also provides the means to measure gas-phase ion-neutral collision cross sections. The ion-neutral collision cross section (⍀) can be related to the mobility by the following equation under low field conditions:
Where z is the number of the charges on the ion; e the charge of one proton; N the number density of the drift gas at standard conditions, ϭ [mM/(m ϩ M)] the reduced mass of an ion (m) and the neutral drift gas (M), and k, Boltzmann's constant [33, 37] . Using a variety of computational methods it is possible to gain insight into the structure of gas-phase ions by correlating experimentally determined collision cross sections with theoretically derived structures [29, 33, 34, 38 -40] .
Results and Discussion
N-Acetyl Hexosamine Disaccharide-Alditol Separation
The combination of atmospheric pressure ion mobility with time-of-flight mass spectrometry requires an accurate means of measuring ion drift time under atmospheric and vacuum conditions. As discussed previously, the orders of magnitude difference in time scales between ion mobility and TOF separation times allows numerous mass spectra to be acquired during the course of a single ion mobility pulse. Drift times for ion populations traversing the ion mobility tube are on the order of 10s of milliseconds; whereas, drift times within the TOF system are a few microseconds. This large difference allows the time spent by an ion population in the mass spectrometer to be neglected with respect to the overall ion mobility drift time as it is within the error of the mobility measurement. The union of these two time-of-flight techniques allows data to be acquired and displayed in a two dimensional matrix which is best represented in a contour plot, as shown in Figure 2 . This spectrum is the ESI-AP-IM-TOFMS contour plot of
The drift time of the ion populations in microseconds is shown on the y-axis and the corresponding m/z value for each population shown on the x-axis located above the contour plot.
Because excessive fragmentation may complicate spectral interpretation it was our expressed intent not to induce fragmentation of ions as they pass through the differentially pumped pressure region. Collision induced dissociation may be initiated using AP-IM-TOFMS by altering the potential gradient between the atmospheric pressure aperture and the skimmer prior to entering the TOF mass analyzer. Due to the fact that an ion's flight time within the TOFMS is ϳ4 orders of magnitude faster than its corresponding ion mobility drift time at atmospheric pressure, both the fragment and parent ions possess statistically identical drift times. A more detailed description of ion fragmentation behavior post ion mobility separation may be found in references [32] and [41] .
During the course of our experiments, we were unable to detect fragmentation of the parent ions as they traversed the differentially pumped vacuum region. Further, our experimental evidence suggests the ions studied were stable throughout the ion mobility-TOF experiment, as fragmentation within the drift tube would produce broad, poorly defined peaks and disrupt the separation characteristics of the experiment. It should also be noted that dimers for each disaccharide were not observed, either as a standard or in a mixture. Given the absence of detectable fragmentation and dimer formation, we have chosen a zoomed view in both the mass and mobility dimensions to best illustrate the features of each contour separation.
When analyzed individually, all of the disaccharides used in this study produced a spectrum similar to the data displayed in Figure 2 . As outlined in the experimental procedure, the structures of each disaccharide were reduced. This prevented contributions to spectra from different configurations that may have existed in solution. Additionally, chemical reduction also avoided any issues with potential interconversions between ␣ and ␤ or pyranose and furanose ring forms during the actual experiment. While no definitive evidence currently exists to suggest the rapid interconversion of the reducing sugar of oligosaccharides in the gas phase, such an occurrence during the course of an ion mobility experiment could result in peak broadening and a loss of resolving power.
It should also be noted that despite the best efforts to eliminate sodium contamination from the experimental procedure, the carbohydrate ions examined were almost exclusively found to exist as sodium adducts. Clearly, each disaccharide-alditol binds effectively to trace amounts of sodium present in the sample; however, the mechanism of coordination is believed to be somewhat different between isomers [29, 34] . It is this potential difference in sodium coordination that is hypothesized to give rise to the small changes in ion-neutral collision cross sections and the consequent isomeric separation. Previous research on the thermochemistry and structure of sodium-disaccharide adducts has indicated that the binding is multidentate in nature [42] ; however, no collision cross section measurements have been made for disaccharides containing N-acetylhexosamine residues. The reduced mobility and experimentally determined collision cross section for each sodium disaccharide-alditol adduct are reported in Table 1 . Prior to acquiring the data pertaining to an isomeric mixture, as shown in Figure 3 , the reduced mobility constants for the individual disaccharides were determined (spectra not shown). Figure 3 represents the partial separation of the [M ϩ Na] ϩ ions of the reduced disaccharide linkage isomers ␣-D-GalNAc-(1-6)-DGalNAc-ol and ␣-D-GalNAc-(1-3)-D-GalNAc-ol using AP-IM-TOF-MS. The mass spectrum contains a singular peak at m/z 449, whereas, the mobility spectrum shown on the y-axis contains two partially separated peaks. The contour corresponding to the ion mobility peak with the largest intensity is located at 22.41 ms and corresponds to ␣-D-GalNAc-(1-3)-D-GalNAc-ol. The second and less intense contour corresponding to ␣-DGalNAc-(1-6)-D-GalNAc-ol is located at 22.87 ms. In chromatographic terms Figure 3 contains two peaks separated with a resolution of 1.12. While not baseline, this resolution is sufficient to clearly identify two distinct peaks within a spectrum. The distinction should again be made between the determined resolution value and the concept of resolving power (eq 3) which is a measure of separation efficiency. On average the ion mobility peaks shown in Figure 3 possessed a resolving power of 96. 4 .
In addition to functioning as a gas-phase ion separation technique, ion mobility may assist in providing more information regarding the structure and or conformations of ions. Using eq 5 and the experimentally obtained ion drift times from the data set shown in Figure 3 the ion-neutral cross sections for ␣-D-GalNAc-(1-6)-D-GalNAc-ol and ␣-D-GalNAc-(1-3)-D-GalNAc-ol were found to be 164 and 161 Å 2 , respectively. To further demonstrate the ability of AP-IM-TOF-MS to distinguish between isobaric forms of disaccharides, ϩ complex. To our knowledge, this is the first report of isobaric carbohydrate separations by atmospheric pressure ion mobility. With an average measured resolving power of 97.8, the resolution of these linkage isomers is 2.11, well above the 1.5 necessary for baseline resolution. The measured ion neutral cross sections for these two sodium-disaccharide adducts were 164 (␤- [1] [2] [3] ) and 170 Å 2 (␤- [1] [2] [3] [4] [5] [6] ). Adducts of potassium for both ␤-D-GlcNAc-(1-6)-D-GalNAc-ol and ␤-D-GlcNAc-(1-3)-D-GalNAc-ol were also identified as shown in Figure 4 . These low intensity contours are believed to be a result of trace levels of potassium found within the sample but do not greatly contribute to the overall measurement.
The experimentally determined ion-neutral collision cross sections for the N-acetyl hexosamine alditols ranged from 161 to 170 Å 2 . Given this wide array of cross sections it was possible to identify three different disaccharide isomers using AP-IM-TOF-MS ( Figure 5 ). The 3-dimensional contours correspond to the following disaccharide isomers:
This spectrum again demonstrates the ability of AP-IM-TOF-MS to separate and identify isobaric species from within simple carbohydrate mixtures. In this experiment, the two structures containing a GalNAc-ol residue were isolated from bovine submaxillary mucin, demonstrating the potential of these separations for analysis of glycoprotein-derived oligosaccharides.
Unfortunately, the ion gating mechanism of IMS results in duty cycles on the order of 1% throughout the experiment. Thus, the information gained through the union of ion mobility and mass spectrometry routinely requires a sacrifice in sensitivity. However, the addition of IMS to MS has also been shown to decrease chemical noise in the mass spectrometer. Based on the measured SNR (77-373) for the disaccharides the method detection limit (three times the standard deviation of the noise) for this class of compounds ranged from 24 -117 pmol.
Trisaccharide Separation
To further explore the ability of AP-IM-TOFMS to distinguish between sodium adducted carbohydrates, a series of three trisaccharides were examined. The separation of and equimolar mixture (50 pmol/L) of these three trisaccharides is shown in Figure 6 . The reduced mobility values and ion-neutral collision cross sections for the sodium adducted trisaccharides shown in Figure  6 are summarized in Table 1 . The contour data shown in Figure 6 represents the data from the sample mixture, with the 1D mass spectrum for this separation on the upper x-axis and the 1D mobility separation on the y-axis. The outer 1D traces illustrate the mass and mobility data obtained for each trisaccharide standard.
Of these trisaccharides, melezitose, and raffinose are special instances in which the anomeric carbon of the terminal sugar is involved with inter-residue bonding. The non-reducing character of these trisaccharides makes chemical reduction unnecessary. As discussed in the previous section, sodium borohydride treatment of reducing disaccharides was conducted in order to eliminate the possibility of multiple conformations existing in solution phase. However, in the case of isomaltotriose, the third of the trisaccharides examined, this reduction was not performed. Despite the presence of a reducing terminal residue on isomaltotriose, only one stable ion population was observed indicating an absence of interconversion during the course of the experiment. It should be noted that while reduction was not performed and a single ion population was observed, this does not preclude the possibility of interconversion at the terminal anomeric carbon.
As with the disaccharides, no fragmentation was seen during the course of the ion mobility experiment. However, for the individual standards, most notably melezitose, comparatively small peaks are seen at m/z 355 and 371, which are also responsible for the ion mobility peak observed at 21.4 ms on the y-axis trace of the melezitose standard. These ions appeared to be the result of impurities in solution and were clearly not the result of gas-phase fragmentation of parent ions. These traces were not seen during the mixture separation, perhaps because of charge competition and the comparatively large SNR of the major mixture constituents. Despite the presence of the impurities, it was possible to distinguish between three isomeric sodium adducts of the trisaccharides, melezitose, raffinose, and isomaltotriose. The average SNR for the trisaccharides standards examined was 272 Ϯ 30 which corresponds to an estimated method detection limit of 17 Ϯ 2 pmol.
Conclusions
Ion-neutral collision cross sections and separation characteristics were determined for the range of disaccharides isolated from bovine submaxillary mucin. These parameters were also reported for the trisaccharides melezitose, raffinose, and isomaltotriose. Using AP-IM-TOF-MS it was possible to distinguish between three different isobaric species of both di-and trisaccharides. Further this technique demonstrated the ability to separate linkage isomers of disaccharides with greater than baseline resolution. Thus, it is clear that the current instrumental configuration allows for the unambiguous separation of simple carbohydrate mixtures. The data obtained in this study demonstrate the utility of AP-IM-TOF-MS for the separation and identification of isobaric carbohydrate sodium adducts. While this technique has not reached the level necessary to supplant MS fragmentation studies as a primary means of carbohydrate identification it may be used conjointly and provide information in a dimension complementary to m/z measurements. Moreover, in the future mobility drift gases of differing selectivity may be used to influence the order and degree of separation to provide a broader range of information regarding the gas-phase ion structures of metal coordinated carbohydrate ions prior to mass analysis [43, 44] . Figure 6 . An ion mobility/mass spectral contour plot showing the equimolar (50 pmol/L) mixture separation of the sodium adducts of melezitose, raffinose, and isomaltotriose. The most inner set of mass and mobility spectra represent the mixture separation, whereas the outer 1D traces correspond to the individual standards. The peaks within the mixture are correlated with the respective standard as illustrated by the horizontal lines extending to the outer ion mobility spectra. The SNRs of the standards melezitose, raffinose, and isomaltotriose were 294, 384, and 237, respectively.
